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Abstract: Ceria (CeO2)-supported metals are widely used as 
catalysts because of their exceptional redox properties. Here, we use 
surface contrast NMR methods to investigate the hydrogenation of 
phenol by Pd supported on ceria nanoparticles. We show that the rigid 
and planar binding of phenol to Pd is mediated by a weak and highly 
mobile association of the small molecule to ceria. Interestingly, while 
addition of phosphate to the mixture does not perturb the adsorption 
of phenol on Pd, it destabilizes its interaction with ceria and 
proportionally decreases the rate of catalytic conversion. Our data 
provide strong experimental evidence that weak interactions between 
adsorbate and ceria are catalytically competent, and explain the 
exceptional performance of Pd/CeO2 for reductive conversions under 
mild reaction conditions. 
Introduction 
Obtaining a comprehensive, atomic resolution knowledge of 
the exchange dynamics among desorbed, physiosorbed, and 
chemisorbed molecules at the nanoparticle (NP)/solution 
interface is crucial toward the engineering of new and more 
efficient heterogeneous catalysts. Yet, our understanding of the 
adsorption/desorption equilibria on NP surfaces and of their role 
in regulating catalysis is still largely incomplete. This knowledge 
gap largely arises from the lack of experimental techniques able 
to provide a complete characterization of the kinetics and 
thermodynamics of sorption with atomic resolution. Solution NMR 
relaxation methods are emerging as powerful tools to investigate 
the complex dynamics occurring at the surface of heterogeneous 
catalysts, providing information on the energetics of adsorption.[1] 
Here, we show that surface contrast (SC) solution NMR methods 
developed recently to investigate the binding of small, NMR 
visible proteins to large, NMR invisible molecular machines,[2] 
aggregates,[3] biological membranes,[4] and nanoparticles[5] can 
be adapted to gain atomic resolution insight into the dynamics 
occurring at the surface of a heterogeneous catalyst. In brief, 
these methods utilize the contrast between the fast transverse 
relaxation (R2) of the slowly tumbling complexed protein and the 
slower R2 rate of the free protein to imprint information on the 
dynamics of the complexed state onto the spectrum of the NMR-
observable free state (Supporting Figure S1).[6] The approach is 
illustrated by the adsorption/desorption equilibrium of phenol 
(PhOH) on the surface of palladium NPs supported on ceria 
nanocubes (Pd/CeO2). This heterogeneous catalyst spawned 
significant attention in recent years due to its ability to catalyze 
the hydrogenation of phenolic compounds with very high 
selectivity at low temperature (35 °C) and hydrogen pressure (1 
atm) in the liquid phase.[7] However, it is still unclear if the 
exceptional performance of the Pd/CeO2 catalyst is the result of 
the higher dispersion of the metal NP, more efficient adsorption of 
the substrate on the catalyst surface, electronic effects of the 
support on the metal, or direct involvement of ceria in catalysis.[7] 
Understanding the mechanisms leading to selective 
hydrogenation of PhOH will indicate more efficient and cost 
effective routes toward production of cyclohexanone, an 
important precursor for large-scale production of nylons.[8]  
Figure 1. TEM and HR-TEM images of (A) CeO2, and (B) Pd/CeO2. Histogram 
of ceria particle size distribution in CeO2 and Pd/CeO2 is also reported. The size 
of Pd NPs in Pd/CeO2 is ≤ 2 nm (note the darker spots on the surface of the 
ceria cube in panel B). Size distribution analysis was performed based on the 
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Figure 2. 13C DEST profiles (saturation field = 1 kHz) measured for PhOH in the presence of (A) CeO2 and (D) Pd/CeO2. 13C RD profiles measured for PhOH in the 
presence of (B) CeO2 and (E) Pd/CeO2. 1H RD profiles measured for PhOH in the presence of (C) CeO2 and (F) Pd/CeO2. Data were acquired at 800 MHz. 
Experimental data for the para, meta, and ortho positions are blue, green, and red circles, respectively. The dotted line shows best fit to a two-site exchange model. 
The solid line shows best fit to a three-site exchange model. Note that, in the three-site exchange fit, local dynamics of the tightly adsorbed state are described 
using Model Free theory (with a global order parameter, S ) for the PhOH-Pd/CeO2 adduct, or using a Restricted Rotation model (in which PhOH is allowed fast 
rotation about the C-O bond - Figure 4 and Supporting methods) for the PhOH-CeO2 adduct. Reduced χ2 values obtained by fitting the data using the exchange 
models mentioned above are shown (see Supporting methods for details on the calculation of χ2). The full set of 13C DEST, 13C RD, and 1H RD data is shown in 
Supporting Figures S6-S9. An expanded version of this figure is shown in Supporting Figure S10. 
 
Here, we show that adsorption of PhOH on the metal NP 
proceeds through a weakly bound and highly flexible intermediate 
state in which the small molecule is likely hydrogen bonded to the 
support. Interestingly, we notice that addition of phosphate does 
not perturb the interaction of PhOH with the metal catalyst, but 
results in a ~2-fold destabilization of its interaction with ceria and 
in a corresponding ~2-fold reduction in catalytic conversion. Our 
results provide strong experimental evidence that weak 
interactions between substrate and support are competent for the 
hydrogenation of PhOH catalyzed by the Pd/CeO2 catalyst, which 
explains its exceptional performance.[7] 
Results and Discussion 
We recently reported that adsorption of PhOH on the surface of 
ceria (CeO2) NPs is a two-step process in which an initial, weakly 
bound encounter complex evolves into a tight PhOH-NP 
adduct.[1c] Evidence for this multi-step adsorption process was 
obtained by combined analysis of 1H dark-state exchange 
saturation transfer (DEST) and chemical exchange induced 1H-R2 
relaxation dispersion (RD) experiments.[1c] Although the high 
sensitivity of 1H NMR experiments allows for rapid acquisition of 
the required experimental data, they also present certain 
drawbacks that limit the accuracy and extent of information 
provided on the adsorption process. Chief among these, the 1H 
DEST experiment is highly susceptible to spin diffusion that can 
bias the quantitative analysis of the DEST profile by 
overemphasizing the relaxation contrast effect of a surface bound 
ligand.[3] Additionally, it is difficult to accurately simulate 1H 
relaxation due to complicated geometric consideration of other 1H 
nuclei within the molecule and the solvent. This aspect limits the 
ability of interpreting the results from 1H DEST and 1H RD 
experiments in terms of structure and dynamics of the adsorbate. 
Here, we show that simultaneous analysis of 1H and 13C RD, 13C 
DEST, and 13C longitudinal relaxation (R1) data returns a 
description of the dynamics of the adsorbate at the NP surface 
with unprecedented details. Indeed, while the 1H and 13C RD 
experiments provide thermodynamic and kinetic information on 
adsorption/desorption equilibria occurring on the µs-ms timescale, 
the 13C DEST data report on slower (ms-s) processes.[6] In 
addition, the 13C R1 and R2 rates of PhOH in the adsorbed state 
were obtained by quantitative analysis of the 13C DEST, RD, and 
R1 datasets and can be interpreted based on physical models that 
report atomic resolution details on the NP-adsorbate interaction 
(Supporting Methods). 
 DEST, RD, and R1 experiments were measured on 10 mM 
PhOH solutions with 1 wt% CeO2 or 1 wt% Pd/CeO2 using the 
pulse sequences shown in Supporting Figure S2. CeO2 particles 
are of cubic morphology with a side length of ~25 nm (Figure 1). 
Pd NPs deposited on CeO2 are of small size (≤ 2 nm) and are 
highly dispersed (Figure 1b and Supporting Figure S3). A 1 wt% 
agarose gel matrix was used for all samples to prevent CeO2 and 
Pd/CeO2 sedimentation (see Supporting Methods). As previously 
reported, the 1 wt% agarose gel (pore size 100-500 nm) provides 
a chemically inert matrix to study PhOH adsorption on CeO2 that 
allows for optimal homogeneity and stability of the NMR sample, 
and does not interfere with the SC-NMR experiments and 
analysis.[1c] 
Addition of NPs to the PhOH solution results in broadening 
of the DEST profiles and a dramatic change in the RD curves (a 
guide to visual interpretation of the DEST and RD experiments is 
provided in Supporting Figure S1). The RD curves move to a 
higher R2 range and display curvature characteristic of exchange 
equilibria on the µs-ms timescale (Supporting Figure S4). 
Interestingly, while the data measured on the Pd/CeO2 sample 
show homogeneous broadening of the DEST profiles and 
homogeneous changes in RD curves measured for the 1H and 13C 
spins in the para, meta, and ortho positions of PhOH, changes 
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the para position experiencing a larger broadening of the DEST 
profile and an increased R2 rate compared to the meta and ortho 
carbons (Supporting Figure S4). These experimental evidences 
indicate that adsorbed PhOH undergoes different dynamics when 
bound to CeO2 or Pd/CeO2.[3-4] 
Comprehensive understanding of the dynamic interaction 
between PhOH and NPs was obtained by quantitative modeling 
of the experimental DEST, RD, and R1 data using an 
adsorption/desorption exchange model in which all experimental 
observables are described by solutions to the McConnell equation 
(Supporting Methods). The ability of a particular exchange model 
to reproduce simultaneously the 1H RD, 13C RD, 13C DEST, and 
13C R1 data was evaluated in terms of reduced-χ2. A three-site 
exchange model was required to fully account for the 
experimental data (Figure 2 and Supporting Figure S10). The 
three sites involve the desorbed state (D), a weakly adsorbed 
state (W) (in fast/intermediate exchange with the desorbed state), 
and a tightly adsorbed state (T) (in intermediate/slow exchange 
with the weakly adsorbed state) (Figure 3). Interestingly, there is 
no direct transition between the desorbed and tightly adsorbed 
states (𝑘  ~ 𝑘  ~ 0 s-1) (Supporting Tables S1 and S2), and, 
therefore, the weakly associated state is an intermediate in the 
PhOH adsorption pathway. Model free (MF) analysis[9] of the 13C 
R1 and R2 rates of weakly bound PhOH reveals that the adsorbate 
is highly mobile (order parameter, S , < 0.01), which is suggestive 
of hydrogen bonding interaction between the hydroxyl group of 
PhOH and an accessible O or OH group on the NP (Figure 2). 
Indeed, the existence of three rotatable bonds between the ceria 
surface and the rigid aromatic ring of PhOH (Figure 2) allows for 
extensive local flexibility of the adsorbate (S2 << 0.1).[10] 
Consistent with this hypothesis, dispersion of Pd on the support 
reduces the exposed ceria surface from 16.5 m2 g-1 (in CeO2) to 
6.5 m2 g-1 (in Pd/CeO2) (Supporting Figure S3) and results in a 
corresponding ~2-fold reduction in the population (pw) of the 
weakly bound intermediate (from 5.2 to 2.3 %; Figure 3).  
MF analysis of the tightly adsorbed state reveals two 
different binding modes for PhOH to CeO2 and Pd/CeO2. Indeed, 
while the data measured in the presence of Pd/CeO2 could be fit 
using a global order parameter for the tightly bound state (S  ~ 
0.9), different S  for the para (S  ~ 1), meta (S  ~ 0), and ortho (S  
~ 0.1) positions are needed in order to account for the 
experimental data measured in the presence of CeO2 (Supporting 
Figure S5). Given the small size and structural rigidity of PhOH, 
these S  variations cannot be ascribed to local motion at the 
individual C-H bond vector level but rather to a global motional 
phenomenon involving the whole molecule on the surface of the 
CeO2 nanocube.[4a, 10] Interestingly, the use of a restricted rotation 
(RR) model[4a, 10] in which PhOH is allowed fast (ps-ns timescale) 
rotation about an axis that coincides with the para C-H bond 
vector (see Supporting Methods) can account for the 
experimental data (Figures 2 and 4). Indeed, such fast rotation 
will result in a dependency or the 13C R2 of the tightly bound state 
on the angle (θ) formed by the C-H bond vector and the axis of 
rotation, with maxima in R2 when the bond vector is parallel (θ = 
0°) or antiparallel (θ = 180°) with the axis of rotation and minima 
at the magic angles (θ =54.74° and 125.26°). The angular 
dependency of the transverse relaxation of tightly adsorbed 
PhOH is apparent when plotting the 13C ΔR2 values (i.e. the 
increase in R2 observed upon addition of NP, Supporting Figure 
S1) versus θ, and suggests that the tightly adsorbed species 
corresponds to PhOH bound to an oxygen vacancy present on 
the surface of CeO2 (Figure 4). On the contrary, the global S  ~ 
0.9 obtained for PhOH 
 
 
Figure 3. SC-NMR data measured on 10 mM PhOH in the presence of (A) 1 wt% CeO2, (B) 1wt% Pd/CeO2, (C) 1 wt% CeO2 and 20 mM Pi, and (D) 1 wt% Pd/CeO2 
and 20 mM Pi are interpreted using a three-site exchange model. Ceria is an orange cube. Pd NPs are gray spheres. PhOH is a blue oblate. Solid and dashed red 
lines represent strong and weak interactions, respectively. Rate constants for each equilibrium (𝑘 , where x and y are the states in thermodynamic equilibrium; 
𝑘  indicates the apparent rate constant), populations of each state (pD, pW, and pT for the desorbed, weakly adsorbed, and tightly adsorbed states, respectively), 
the order parameter (S2), and the rotational correlation time for local motion (𝜏 ) were fit as global parameters. Chemical shift changes associated with each 
equilibrium were fit as peak specific parameters (see Supporting methods). Best fit parameters are shown. A full report of the fitted parameters is shown in Supporting 
Tables S1 and S2. 
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Figure 4. Angular dependency of the 13C ΔR2 measured for PhOH in the presence of 1 wt% (A) CeO2 and (B) Pd/CeO2. θ is defined as the angle between the 
principle axis system of the relaxation vector (i.e. the C-H bond vector, PAS – see Supporting methods) and the axis of the restricted rotation (i.e. the axis of the C-
O bond, Mz; see top-right corner in panel B). Experimental data are circles. Simulated data are solid curves. Blue and red data were measured in the presence of 0 
and 20 mM phosphate, respectively. Structural models for tightly adsorbed PhOH on (C) CeO2 (note that the oxygen of PhOH occupies an oxygen vacancy on 
ceria) and (D) Pd/CeO2. (E) Structural model of weakly adsorbed PhOH on both CeO2 and Pd/CeO2. A schematic view the equilibria between free, weakly adsorbed, 
and tightly adsorbed PhOH on CeO2 and Pd/CeO2 is provided in Figure 3. Modelling of the binding modes in C-E was performed based on the order parameters 
obtained from the analysis of the SC-NMR data (reported in Figure 3). For binding in C, S ’s of ~1, ~0, and ~0 were obtained for the para, meta, and ortho positions, 
respectively. These values indicate that the para C-H bond vector reorients with the same rotational correlation time as the nanoparticle, while the ortho and meta 
C-H bond vectors undergo additional rotational diffusion on the ps-ns timescale that is consistent with fast rotation about the C-O bond of PhOH. For binding in D, 
a global S  ~1 was obtained for all C-H bonds, indicating that para, meta, and ortho C-H groups tumble with the same correlation time as the nanoparticles. For 
binding in E, a global S  ~0 was obtained for all C-H bonds, indicating that para, meta, and ortho C-H groups undergo isotropic tumbling on the ps-ns timescale. 
 
tightly adsorbed on Pd/CeO2 indicates that the small molecule is 
rigidly associated with the NP, which provides experimental 
evidence for the flat binding of PhOH to Pd suggested by ab initio 
calculations[11] (Figure 4). Of note pT and 𝑘  obtained for PhOH 
adsorption to CeO2 and Pd/CeO2 are similar (Figure 3), which 
implies a similar number of tight absorption sites on the two 
materials. This observation is in agreement with the hypothesis 
that vacant sites on CeO2 provide nucleation points for formation 
of small metal NPs.[12] From the kinetic data reported in Figure 3, 
it is also interesting to note that PhOH desorption from CeO2 is 
faster than from Pd/CeO2 (compare 𝑘  values in Figures 2a and 
b), which suggests formation of a stable PhOH-Pd adduct and 
reflects the ability of water to displace PhOH from oxygen vacant 
sites.  
To test the proposed binding models, additional NMR 
measurements were performed in the presence of 20 mM 
inorganic phosphate (Pi), which is known to bind efficiently to the 
surface of CeO2.[13] As expected, addition of Pi reduces the 
population of the weakly adsorbed intermediate (pW; Figure 3) and 
destabilizes the interaction of PhOH with oxygen vacancies on 
CeO2 (pT < 0.01 %; Figure 3c). However, population (pT) and 
exchange kinetics (𝑘  and 𝑘 ) of PhOH tightly adsorbed on 
Pd/CeO2 are unaffected by Pi (Figures 3b,c and Supporting 
Figure S11), confirming that this binding mode does not depend 
upon contacts between PhOH and CeO2. Importantly, addition of 
20 mM Pi also results in a ~2-fold decrease in the rate of PhOH 
hydrogenation catalyzed by Pd/CeO2 (Figure 5), which correlates 
closely with the ~2-fold decrease in population of weakly 
adsorbed PhOH to ceria caused by Pi (Figure 3b,d). These data 
provide evidence of a direct involvement of ceria in the Pd/CeO2-
catalyzed hydrogenation reaction. Specifically, that the weak 
binding of PhOH to ceria is catalytically competent for addition of 
Pd-activated hydrogen on the substrate. In this respect, it is also 
important to notice that bare ceria is not able to catalyze the PhOH 
hydrogenation reaction.[7] 
Conclusion 
Here, we have obtained a comprehensive description of the 
dynamic equilibria underlying PhOH adsorption on a Pd/CeO2 
catalyst. We have shown that the rigid and planar binding of 
PhOH to the metal NP inferred by ab initio calculations[11] is 
mediated by a weak PhOH-CeO2 adduct in which the small 
molecule is likely hydrogen bonded to the support. Our SC-NMR 
measurements demonstrated that the weak PhOH-CeO2 
interaction decreases by about one half upon addition of 
phosphate. Interestingly, addition of phosphate also decreases 
the rate of Pd/CeO2 catalyzed PhOH hydrogenation by a similar 
factor, suggesting that the weak reactant-support interaction is 
relevant for the catalytic transformation. Such participation of 
CeO2 in catalysis revealed by our study explains the high phenol 
hydrogenation performance of Pd/CeO2 under mild reaction 
conditions.[7] As PhOH can form similar hydrogen-bonding 
interactions with other metal oxides (i.e. SiO2, AlO2, etc), future 
studies comparing the performance of Pd/CeO2 with Pd 
supported on other metal oxides may help revealing the 
 
Figure 5. (A) PhOH hydrogenation catalyzed by Pd/CeO2 is treated as two 
consecutive, non-reversible, pseudo first-order reactions. (B) Fitting of the 
kinetic data returns k1 = 30 ± 4 μM s-1 and k2 = 10 ± 1 μM s-1 for the reaction 
catalyzed at pH 7.0 and 0 mM phosphate (left panel), and k1 = 16 ± 3 μM s-1 and 
k2 = 6 ± 1 μM s-1 for the reaction catalyzed at pH 7.0 and 20 mM phosphate 
(right panel). Experimental concentrations of PhOH, cyclohexanone, and 
cyclohexanol are shown as black circles, squares, and triangles, respectively. 
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mechanisms by which weak PhOH-CeO2 interactions mediate 
hydrogenation of the small molecule. 
Interestingly, the SC-NMR data measured for PhOH in the 
presence of bare CeO2 NPs revealed the existence of a tight 
PhOH-CeO2 adduct in slow/intermediate exchange with the 
hydrogen bonded state (Figure 3). Modeling of the 13C relaxation 
data suggests that the tight small molecule-ceria interaction 
corresponds to PhOH adsorbed to oxygen vacancies on the CeO2 
surface (Figures 3 and 4). As the latter binding mode is not 
detected in the presence of Pd/CeO2, we concluded that 
deposition of Pd destabilizes oxygen vacancies on CeO2. It is also 
important to emphasize that analysis of the 1H RD, 13C RD, 13C 
DEST, and 13C R1 data measured for PhOH in the presence of 
CeO2 and Pd/CeO2 returned thermodynamic populations for both 
the weakly and tightly associated states (Figure 3), suggesting 
that SC-NMR can be used to detect oxygen vacancies on the 
surface of a metal oxide. 
In conclusion, we have demonstrated that SC-NMR 
experiments can provide unprecedented, atomic-resolution 
details on the adsorption/desorption equilibria at the surface of a 
NP catalyst. Indeed, SC-NMR data can be used to study the 
structure, dynamics, and thermodynamics of the adsorbed 
species, and are capable to differentiate among adsorbate 
species bound to different components of a hierarchical NP. Such 
comprehensive description of sorption equilibria cannot be 
achieved by conventional studies relying on adsorption isotherm 
data, as they only report on the partitioning of the sorbent among 
the desorbed and adsorbed phases. Finally, our results have 
shown that SC-NMR data can guide the interpretation of reaction 
kinetics experiments, returning important mechanistic information 
on the catalytic process, such as the involvement of a specific 
component of a hierarchical NP in catalysis. Application of SC-
NMR to a variety of heterogeneous catalyst systems could 
provide previously unattainable experimental insights into the role 
played by sorption equilibria in regulating the efficiency and 
selectivity of catalytic reactions. 
Experimental Section 
Synthesis of CeO2 and Pd/CeO2. Ceria cubes were synthesized following 
a literature procedure. [14] The Pd/CeO2 catalyst was prepared by 
impregnation with a 1 wt % Pd loading relative to the mass of the support. 
Further details are reported in Supporting methods. 
NMR Spectroscopy. NMR samples were prepared by mixing together 
PhOH (10 mM), ceria (or Pd/CeO2) nanoparticles (1 wt%), agarose (1 wt%), 
and sodium phosphate (0 or 20mM) in 99.9 % D2O. The pD of the sample 
was adjusted to 7.0 ± 0.1 using DCl or NaOD. The mixture was sonicated 
for 60 seconds (1:2 on:off duty cycle) at 25 % power on a 500 W horn-
tipped sonicator to disperse the nanoparticles. The mixture was then 
heated to 85 °C for three minutes, transferred to a 5 mm NMR tube, and 
allowed to cool at room temperature. Reference samples that did not 
contain nanoparticles were prepared using the same procedure as above. 
13C DEST, 13C RD, 13C R1, and 1H RD NMR data were collected at 25 °C 
on Bruker 600 and 800 MHz spectrometers equipped with triple resonance 
z-gradient cyroprobes and using the pulse sequences shown in Supporting 
Figure S2. Details on the NMR data acquisition and analysis are provided 
in Supporting methods. 
Fitting of the SC-NMR data. The appearance of the measured SC-NMR 
data (i.e. 1H and 13C RD, 13C DEST, and 13C R1) is a convoluted function 
of the exchange rate (kex), the fractional population of free and bound 
states, and the R1 and R2 rates of the bound state. Data were fit using the 
Bloch-McConnell theory as described in Supporting methods. The 
optimization was run using 𝑝 , 𝑝 , 𝑘 , 𝑘 , 𝑘 , 𝜏  of the weakly and 
tightly bound states (𝜏  and 𝜏 , respectively), and the order parameters 
of the weakly and tightly bound states (𝑆  and 𝑆 , respectively) as global 
fitting parameters (parameters are defined in Figure 3). Remaining values 
of populations and rate constants were calculated using the following 
equations: 
 
𝑝 1 𝑝 𝑝          (1) 
𝑘 𝑘 𝑝 𝑝⁄        (2) 
𝑘 𝑘 𝑝 𝑝⁄         (3) 
𝑘 𝑘 𝑝 𝑝⁄        (4) 
 
𝜏  was calculated to be 1.4 µs by using the average nanoparticle size (25 
nm, Figure 1) and the Stoke-Einstein equation. This value was held 
constant during the data fitting procedure.  
Error on the fitted parameters was computed by Monte Carlo 
simulation of synthetic datasets from the estimated experimental error (see 
NMR spectroscopy section). 
All Matlab scripts and pulse programs used here can be found at 
https://group.chem.iastate.edu/Venditti/downloads.html for download. 
Transmission Electron Microscopy. NP imaging was performed in a FEI 
Tecnai G2 F20 field emission TEM operating at 200 kV. Samples were 
prepared by placing 3-4 drops of ethanol suspension (~0.1 mg mL-1) onto 
lacey-carbon-coated copper grids and dried in air. Size distribution 
histograms were obtained from TEM images by measuring the diameter of 
~70 particles using Digital Micrograph® software. Average particle sizes 
were determined from this size distribution histogram. 
Inductively coupled plasma−optical emission spectroscopy. Pd 
loadings were analyzed in a Perkin Elmer Optima 2100 DV ICP-OES 
instrument. Samples (10 mg) were sonicated and vortexed for 24 h in 2 
mL aqua regia. The solution was diluted to 12.0 mL with deionized water, 
filtered, and used to analyze the amount of palladium metal in the samples. 
Powder X-ray Diffraction (PXRD). Diffraction patterns were collected on 
a Bruker Siemens D500 X-ray Diffractometer (XRD) equipped with Cu Kα 
radiation source (40 kV, 44 mA) over the range of 10–100 2θ°. Samples 
were prepared by placing fine powders onto a background-less 
polycarbonate sample holder. Crystallite sizes were calculated using the 
Scherrer equation. 
Chemisorption. H2-chemisorption analysis was carried out by pretreating 
the samples at 350 °C under H2/Ar for 30 min, followed by flowing Ar for 
15 min at 350 °C to remove surface-bound and dissolved hydrogen from 
Pd crystallites. The sample was then cooled under Ar to −20 °C for 
hydrogen pulse chemisorption measurements. The palladium dispersion 
and surface area where calculated as described in Supporting methods. 
Kinetics of phenol hydrogenation. Pd/CeO2 nanocubes were prepared 
as described above. 10 mM PhOH solutions were prepared in water and 
20 mM phosphate buffer, respectively. The pH of the above solutions was 
adjusted to 7.0 ± 0.1 using dilute HCl or NaOH. In a typical reaction, the 
catalyst (20 mg, 5 mol %) and PhOH solution (4 mL, 0.010 M) were added 
to a 10 mL glass tube. The tube was sealed with a septum and purged with 
hydrogen for 10 min at rate of 20 cm3 min-1. After 10 min, the pressure 
relief needle was removed and the hydrogen supply was stopped. The 
reaction tube was then placed in an oil bath that was maintained at 35 °C 
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under constant stirring (800 rpm). After the desired time, the septum was 
removed and the solution was extracted using ethyl acetate (1.0 mL 4 
times). A 50 μL aliquot of the extracted solution was taken and added to 
1.00 mL of ethanol along with a resorcinol internal standard (100 µL, 55 
mM) and analyzed in an Agilent GC-MS instrument (7890A, 5975C) with a 
HP-5MS column. The run started at 60 °C, and the temperature was then 
ramped to 150 °C at 5 °C min−1. Then the temperature was ramped to 
300 °C at 20 °C min−1 and then it was held at 300 °C for 3 min. The reaction 
kinetic data were analyzed using a model for two consecutive, non-
reversible, pseudo first-order reactions (see Supporting methods). 
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SC-NMR was used to investigate the kinetics and thermodynamics of PhOH adsorption on the surface of a Pd/CeO2 catalyst. 
Adsorption to Pd is mediated by a weak PhOH-CeO2 adduct in which the small molecule is hydrogen bonded to the ceria support. 
Selective perturbation of the interaction between PhOH and support disrupts the activity of the catalyst, suggesting that hydrogen 
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